The rapid depletion of conventional fossil fuels and day-by-day growth of environmental pollution due to extensive use of fossil fuels have raised concerns over the use of the fossil fuels; and thus search for alternate renewable and sustainable sources for fuels has started in the last few decades. In this context biomass derived fuels seems to be the promising path; and various routes are available for the biomass processing such as pyrolysis, transesterification, hydrothermal liquefaction, steam reforming, etc.; and the hydrothermal liquefaction (HTL) of wet biomass seems to be the promising route. Therefore, this article briefly enlightened a few concepts of HTL such as the elemental composition of bio-crude obtained by HTL, different types of feedstock adopted for HTL, mechanism of HTL processes, possible process flow diagrams for HTL of both wet and dry biomass and energy efficiency of the process. In addition, this article also enlisted possible future research scope for concerned researchers and a few of them are setting up HTL plant suitable for both wet and dry biomass feedstock; analyzing influence of parameters such as temperature, pressure, residence time, catalytic effects, etc.; deriving optimized pathways for better conversion; and development of theoretical models representing the process to the best possible accuracy depending on nature of feedstock.
Introduction
The rapid increase in energy demand and the lack in the supply to cater the needs, enables to find the alternatives to meet the current demands of the society which is of primary concern in terms of socio economics of the globe. The rapid growth rate of urbanization in the past decades, water quality degradation became a public health threat. Eutrophication associated with nutrient content of wastewater and treatment plant effluents have become a serious concern to water environment. Combining these two critical environmental and social causes an alternate source for the conventional fossil fuels which has to be sustainable, energy secured, and reduce global warming is highly desirable. This lead several researchers to focus in search of alternate source for commercialization from several decades and came up with one source which is nothing other than the biomass. Biomass sources include wood wastes, energy crops, aquatic plants, agricultural crops, and their waste products and municipal and animal wastes; and are considered as potential sources of fuels and chemical feedstock's. The choice of biomass and its derivatives generate high expectations for the production of fuels, raw materials for synthesis in the petrochemical industry and fine chemicals. Biomass, in addition to the production of the first generation biofuels (bioethanol and biodiesel), is also of interest for the production of bio oil due to its perspectives for production by pyrolysis of lignocellulose biomass. Several statistics related to production and consumption of biomass as an alternated source of energy is listed by several authors. As of 2010, world biofuel production has been largely focused on first generation bio fuels producing ethanol and biodiesel from starch, sugars, and vegetable oils. Advanced bio fuels or biofuels produced from lignocellulose materials such as wood waste and straw made up to only 0.2% of total biofuel production. In recent years, research on using biomass for liquid fuels has been robust, ranging from studies of pyrolysis and hydrothermal liquefaction (HTL) of lignocellulose material, gasification and biomass to liquid technologies to the upgrading processes.
Secondly, converting biomass from its natural solid form to liquid fuels is not a spontaneous process. The liquid fuels that humans have harnessed on a large scale as fossil fuel took thousands of years of geochemical processing to convert biomass to crude oil and gas. In recent years, several conversion technologies have been developed to obtain liquid products from different kinds of biomass for use as fuels and chemicals. Biomass conversion technologies are broadly classified into two categories namely, biochemical and thermo-chemical conversion. In general, the unprocessed bio-oil derived from the biomass has low energy density, high moisture content, and its physical form is not free flowing that creates a problem as a feedstock for reciprocating engines. Thermochemical conversions compared to biochemical con-versions are processed at several higher degrees of temperature in the presence of appropriate catalysts to obtain liquid products from different sources. In general, thermochemical conversions are much rapid than the biochemical conversions. Thermochemical conversion conversions generally implied to upgrade biomass by heating under pressurized and oxygen deprived enclosure. It can be further classified into combustion, gasification, pyrolysis, and direct liquefaction. Among which direct liquefaction or hydrothermal liquefaction is one of the promising routes that drawn attention in the recent past. This process is synonym of hydrous pyrolysis, but compared to pyrolysis HTL is carried at lower temperatures and heating rates. In other words, hydrothermal liquefaction of biomass is the thermochemical conversion of biomass into liquid fuels by processing in a hot, pressurized water environment for sufficient time to break down the solid bio polymeric structure to mainly liquid components. Typical hydrothermal processing conditions are 523-647 K of temperature and operating pressures from 4 to 22 MPa. The low operating temperature, high energy efficiency and low tar yield compared to pyrolysis is the key parameter that drives the attention of researchers on the liquefaction process.
Till date all the paradigm research on the production of biofuel is rested on the solid dry wood but liquid bio-waste has a better edge over the solid manure which is the critical processing parameter for the hydrothermal liquefaction process. Among several possibilities of wet biomass, microalgae is considered to be an excellent source of biofuel production because of their advantages such as high photosynthetic efficiency, maximum biomass production, fast growth rate and lack of arable soil requirements. A very little attention on the HTL of wet biomass process is available as of now and very few attempts of pilot plants globally, for instance, Pittsburgh Energy Research centre of U.S Bureau of Mines took place in 1990s but stopped later on due to economic crisis. Hence, an attempt has been made to bridge the gap in the literature and create a possibility to take the research on HTL of biomass to next level by selecting the best available feedstock and the operating conditions. Further research on tuning of the critical operating parameters like temperature and pressure for better yield is still under progress. Thus, this article tries to enlighten the existing knowledge and research gaps available pertained to biomass and hydrothermal liquefaction. However, before presenting thorough literature review along with HTL mechanisms, energy efficiency and advantages/disadvantages of this process, a few details of elemental composition; and wet and dry biomass feedstock suitable for HTL are presented below.
Elemental composition of biomass
Any biomass consists of elemental carbon (C), hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O); and a few details of them are presented below.
Carbon (C)
It is obviously the most important constituent of the biomass. It comes from the atmospheric CO 2 that become a part of the plant matter during photosynthesis. Carbon represents the major contribution to the overall heating value. During combustion, it is principally remodelled into CO 2 that is discharged within the atmosphere [1] . In any combustion application an area of carbon is not combusted utterly and ends up in emissions of change state gases, usually carbonmonoxide gas or PAH's [2] . Generally, the carbon content of the fuel is estimated via the composition of lignin, hemicellulose and cellulose. Similarly, the char content is majorly depended on the amount of the lignin i.e., for herbaceous biomass yields lower carbon content as compared to wood biomass. Fuels rich in lignin, such as olive kernel, have carbon contents higher than 50% (by wt) on dry basis [3] .
Hydrogen (H)
It is another major constituent of biomass, as can be expected from the chemical structure of the carbohydrate and phenolic polymers. During combustion, hydrogen is converted to H 2 O, significantly contributing to the overall heating value [4] . The weight content of hydrogen, on a dry basis, is usually slightly lower in herbaceous biomass (5.5-6%) than in woody biomass (6-8%) [3] .
Nitrogen (N)
It constitutes the vital nutrient form for plants. For instance, the nitrogen is applied as a fertilizer to soil that enhances the growth and yield of the plants. By the continual application of the nitrogen in the modern day agricultural era, the nitrogen content of herbaceous biomass species acquires a greater amount of nitrogen ranging between (0.4-1.0% wt dry basis) compared to woody biomass [5] . Further, the presence of nitrogen significantly contributes the degradation in biochemical processes like digestion or fermentation. On the other hand, nitrogen during combustion process doesn't oxidize and therefore its contribution to the overall heating values [3] .
Sulphur (S)
This is considered to be the other important nutrient hindered in structures of amino acids, proteins and enzymes for substantial plant growth similar to nitrogen. The high growth rate of most herbaceous crops means that the sulphur concentration in plant biomass is typically higher than those in woody biomass. The concentration of sulphur in wood can be as low as 0% (which means below the detection limit of most laboratory devices) and reaches up to 0.1% on a dry basis in exceptional cases, herbaceous biomasses have a sulphur content ranging from 0% to 0.2% or even higher [6] . In waste fractions, values up to approximately 1% have been reported. However, it's most important impact relates to gaseous emissions, syngas cleaning in gasification processes and corrosion [3] .
Oxygen (O)
Oxygen constitutes the vital element in the chemical composition of the biomass which is evident from the nature through photosynthetic process. The composition of the oxygen content controls the heating value of the bio crude that is obtained via any processing technique [7] ; and majority of the bio crudes are limited their utilization just because of the excess content of the oxygen. It is evident that the oxygen content in the phenolic compound structure are very complex to break (or to remove) it in the form of water so that to enhance the heating values. It should be noted that oxygen is not measured directly -its weight concentration is estimated by subtracting from 100 the concentrations of all other elements (C, H, N, S) and of the ash content in the dry fuel [3] . In the context of HTL of biomass, the elemental composition of bio-crude obtained by the hydrothermal liquefaction of both wet and dry biomass is given in Table 1 .
Biomass Feedstock

Dry feedstock
The tangled biomass properties lead to the braid chemical reactions during the hydrothermal liquefaction procedure. Woody biomass/ lignocellulose built is embedded with hemicellulose, cellulose and the lignin compounds; and hence the rigid crystallinity of the structure makes it rigid and tougher to process. Further, accommodating a continuous flow framework again involves the complexity of the procedure that leads to the solubility criteria in the solvents due to the hindered resistance to the structure of biomass. Thus the entire framework of the process is penalized economically. Despite, the intrinsic source of hydrogen and carbon, the processing of the lignocellulose biomass is limited due to the substantial amount of the oxygen. The detailed explanation of the individual fractions of lignocellulose is presented below. ) n which is a long chain polysaccharide, high molecular weight, and with high degree of polymerization. Cellulose is a non-polar compound at ambient temperature, but tends to soluble with the increase in the temperature [54] . Monomers of glucose are stiffly bonded possessing the formation of strong intramolecular and intermolecular interactions amongst hydrogen bonds that originates the glucose monomers [55] .
Hemicellulose
It is a branched structure hetero polymer with amorphous structure embracing pentose and hexose as a polymer. The composition of the hemicelluloses varies significantly for woody biomass and the grassy biomass which comprises xylan in the earlier and mannan, glucan and galactan in the later [56] . Further, hemicellulose in comparison to the cellulose possess the weaker structure and less resistant to intramolecular hydrogen bonding allows the easier disintegration of the molecules [57] . Hence, the conducive nature to hydrolysis of hemicellulose is severe and prone to easy miscibility characteristic [58] .
Lignin
The other fraction of the lignocellulose biomass is lignin which is treated as a natural polymer can be referred as an aromatic compound in which phenyl-propane with hydroxyl and ethoxy groups are linked via ether bonds [59] . Lignin possess similar morphological characteristic of amorphous form as hemicellulose, less solubility similar to cellulose and the peculiar behaviour of hydrophobic nature. Also it possesses the binding capacity of stem cells or fibrous contents of plants fibrous contents of the plant to strengthen cell wall structure, improves the sublimation capacity of micro-organisms and to store the energy [60] . In contrast to other bioorganic compounds the decay rate of lignin is very low, in other words, it is resistant to biological degradation. The significant feature of lignin encompasses the higher energy content compared to the other two compounds that leads to higher heating value to the product and considered to be the most valuable phenol compound [61] .
Wet biomass feedstock 1.2.2.1 Lipids/Fats
These are majorly non-polar compounds otherwise immiscible/ hydrophobic in nature that resembles the similarities with the aliphatic compounds and particularly referred to triglycerides (TAG's) nothing other than triesters of fatty acids and glycerol [62] . At normal temperatures, the fats are generally insoluble in solvents and gradually tends to be polar with the change in temperature. The similar phenomenon on the effect of the temperature on the solubility of the fats can be seen in the case of cellulose. The dielectric constant of the solvent in particular water at sub-critical conditions allows the greater miscibility [57] . This leads to the stability in the structure of the TGA's further leading to the formation of the glycerol a major by-product of the bio-diesel production which is a combination of fatty acids, methanol and salts. During HTL, glycerol is not converted to any oily phase rather it turns to be a water-soluble compound [63] . Further degradation of glycerol leads to the product stream of acetaldehydes, propionaldehyde, acrolein, allyl alcohol, ethanol, formaldehyde, CO, CO 2, and H 2 [62] .
Proteins/Amino acids
One of the major constituent of microbial or algal biomass is protein consisting several chains of peptide reduces to polymers of amino acids. They are the building blocks of proteins and highly heterogeneous and hence the complexity in degrading the amino acids is challenging. The strong peptide chain of proteins undergoes decarboxylation, and deamination reaction upon hydrothermal liquefaction leads to the formation of hydrocarbons, amines, aldehydes and acids [19] . Further degradation resulting carboxylic acids, acetic acid, propionic acid, n-butyric acid, and iso-butyric acids.
Evolution of HTL process over decades
Environmental issues, sustainability, declining fossil fuels, and energy security concerns have led the world to explore alternate, clean, Further details of studies of the HTL process by several researchers are briefly described below. Beckman and Elliott [66] performed comparison studies on yields and properties of oil obtained from direct thermochemical biomass liquefaction process. The authors developed correlations for the key parameters such as temperature, pressure, time, catalyst and concluded that the changes in the governing parameters has a significant impact on the product output. White and Wolf [67] developed a unique method of pumping concentrated viscous biomass slurries through liquefaction system. The authors introduced the extruder -feeder system to pump the high viscous liquids for the liquefaction process. One of the pioneering works of the HTL of microalgae with high lipid content was done by Dote et al. [68] . In the years that followed several researchers had begun to explore this technology and verified the properties of algae bio-oil in comparison with the petroleum Minowa et al. [39] . Itoh et al. [69] developed a scale up of HTL of sewage sludge operating at temperature of 300°C and pressure of 10 MPa. Sawayama et al. [70] studied energy consumption for the HTL process of various algae and presented the energy consumption ratio for the HTL could produce net energy with low energy consumption. Also HTL opens up new possibilities for combined fuel production and waste water treatment in densely populated areas where large amounts of wet waste materials are available. Behrendt et al. [71] reviewed the direct liquefaction especially for lignocellulose biomass through sub critical and super critical solvents. Since 2009, the study gradually grabbed the attention of some reputed international research laboratories exploring the liquefaction reaction parameters that includes residence time, reaction temperature, catalyst selection and loading. Peterson et al. [57] provided a comprehensive overview on the hydrothermal liquefaction of bio-oil from biomass using sub and super critical water or solvent extraction technique. Further the products of HTL process comprises a wide range of value added chemical compounds which include branched aliphatic compounds, aromatics and phenolic derivatives, carboxylic acids, esters, and nitrogenous ring structures Xiu et al. [72] . Savage [73] published a brief but insightful overview on the hydrothermal liquefaction of microalgae. This was supported by the several other researches of Alba et al. [74] , Minowa et al. [39] , Ross et al. [75] , Vardon et al. [14] , Zou et al. [76] . Researchers have recently posted a renewable algal biorefinery based on HTL of algae Jena et al. [77] , Alba et al. [74, 78] . Recently the prominence of algae as the feedstock for HTL is addressed by Barreiro et al. [10] and Chow et al. [79] . Latest review of Elliott et al. [80] and Jindal and Jha [81] enlightened some of the previous and current research works on hydrothermal liquefaction of biomass (both solid and liquid) which included studies of Appell et al. [82] , Kaufman et al. [83] , Inoue et al. [84] , Chornet and Overend [85] , Ocfemia et al. [86] , Heilmann et al. [87] , Elliott [7] , Akhtar and Amin [88] , Xu et al. [89] and Tekin et al. [90] .
Further literature pertaining to the reaction mechanisms of HTL is critical in understanding the process so as to better design the reactors and control the process. At present, understanding of HTL mechanisms is largely qualitative and indicative although efforts have been made through years by many researchers Balat [91] , Demirbas [92, 93] , Minowa et al. [94] , Yuan et al. [95] . Generally, biomass is first broken up into fragments by hydrolysis, and then degraded into smaller compounds by dehydration, dehydrogenation, deoxygenation and decarboxylation. At the end, some complex chemicals may be synthesized by repolymerization. Biocrude product generated in the repolymerization process usually contains acids, alcohols, aldehydes, esters, ketones, phenols and other aromatic compounds Chornet and Overend [85] . Hietala et al. [95] introduced new dimensions of kinetic model for fast hydrothermal liquefaction of biomass with good yield of 41% at 400 0 C and short residence time. However, the exact mechanisms or pathways of the HTL still remain unclear mainly due to the complexity of the feedstock and HTL products, as well as the seemingly-infinite possible intermediate reactions. Hydrothermal liquefaction now is in the transient state from lab-pilot scale to pilot-industrial scale, which makes the mechanisms study more important and urgent. With the support of mechanisms work, development of large-scale units could be more reasonable and high-grade products may be produced, adding a solution to current environmental and energy problems.
Recently, immense amount of the work pertaining to hydrothermal liquefaction of wet and dry biomass through different techniques has been carried out by many researchers. For instance, Alhassan et al. [96] presented glimpses of HTL process on dry biomass and obtained biooil with properties equivalent to pyrolysis oil. Costanzo et al. [97] obtained bio-oil derived from wet biomass and reported that the composition of the bio-oil is equivalent to conventional gasoline. Further, to obtain higher percentages of yield Lavanya et al. [9] introduced the blending of algal crude to petro crude that is turned to diesel fraction. Pedersen et al. [13] obtained aspen wood derived bio-oil characteristics equivalent to gasoline which supports the research work of Costanzo et al. [97] . Zhu et al. [98] reported that hydrothermal liquefaction of wet and dry biomass results in the higher yields of phenolics at the conventional operating temperatures rather than desired aromatics. Maddi et al. [99] made an attempt to obtain value added chemicals through hydrothermal liquefaction of bio-oil and succeeded in obtaining the same. Another important aspect of this HTL process is the introduction of continuous flow reactor which yields a significant amount of heating values which was reported by Pedersen et al. [13] . Recent review of Elliot et al. [80] also stressed the importance of introducing the continuous flow reactors rather than conventional batch process for the higher yields of HTL products.
Several other explorations on the critical parameters such as energy consumption economics by Sawayama et al. [70] ; reaction mechanisms/pathways [91] [92] [93] [94] 100] ; algal biomass as feedstock [97, 74, 78] ; generation of value added chemicals by Xiu et al. [72] ; temperature, pressure, reaction residence time and catalyst loading effects by Anastasakis and Ross [101] and more insights by several researchers [36, 40, 75, 76, 82, [84] [85] [86] [87] [88] [89] [102] [103] [104] are praiseworthy. Finally, Table 2 presents the comprehensive details of aforementioned and some more literature in tabular form pertained to various aspects of hydrothermal liquefaction over the years.
In the past decade, there were also several review papers on various aspects of HTL. For instance, Peterson et al. [57] presented sub-and supercritical water technologies available for thermochemical biofuel production from various types of biomass. Toor et al. [134] reviewed the subcritical water technologies for production of biocrude from biomass; and they summarized that the chemical properties of biocrude are highly dependent of the biomass composition. Akhtar and Amin [88] reviewed the literature pertaining to HTL of biomass with the aim to report process conditions such as final liquefaction temperature, residence times, rate of biomass heating, size of biomass particles, types of solvents, etc. for optimum bio-oil yield. They have also included brief discussion on decomposition mechanisms during hydrothermal liquefaction. Tekin et al. [90] explained the physicochemical properties of water under subcritical and supercritical conditions on HTL and interactions of water with biomass during HTL Table 2 Summary of literature pertained to hydrothermal liquefaction of biomass (both wet and dry). Tran [124] Fast hydrothermal liquefaction for production of chemicals and biofuels from wet biomass using a plug flow reactor process. Tian et al. [156] presented review on HTL from algal prospective for algal biorefinery including the factors such as feedstock preparation, scale-up of algae HTL and process integration. Guo et al. [25] also presented the details of research works pertaining to production of bio-oil from HTL of algae and reported that the properties of resulting bio-oil from HTL are affected by temperature, reaction time, algae species, algae concentration, reaction atmosphere, catalysts and sub and supercritical water reaction conditions. Elliott et al. [80] presented the review of research papers of HTL with aim to describe evolution of HTL processes from batch to continuous state. Further they described the mass and energy balances from the existing process models which are used for process costs calculations with the aim to provide optimum way for commercial likelihood of technology. Jindal and Jha [81] reviewed effects of process variables such as biomass composition, temperature, residence time, pressure, biomass heating rate, particle size, catalysts, etc. on the yield and quality of bio oil. Dimitriadis and Bezergianni [147] presented review on HTL of various feedstock such as woody biomass, wastes, plastics and microalgae for bio-crude production through HTL. On the other hand, this article briefly reviewed the elemental composition of bio-crude obtained by HTL, different types of feedstock adopted for HTL, mechanism of HTL processes, possible process flow diagrams for HTL of both wet and dry biomass and energy efficiency of the process. In addition, this article also enlisted a possible future research scope for concerned researchers.
S. No Author
HTL process mechanism
The mechanism of the hydrothermal liquefaction has not been elucidated much in the literature. The pathway of HTL comprises three major steps, depolymerisation followed by decomposition and recombination [19] . The details of these are explained in the further sections. Briefly, biomass is decomposed and depolymerized in to small compounds. These compounds may be highly reactive, thus polymerizing and forming bio crude, gas and solid compounds is essential. Further the critical process parameters such as temperature, residence time, the process of repolymerization, condensation and decomposition of the components from the different phases may vary accordingly. Since biomass is a complex mixture of carbohydrates, lignin, proteins, and lipids, the reaction chemistry and mechanisms of biomass liquefaction are consequently also complex [135, 136] . Fig. 1 presents the schematic overview of the reaction pathway and the details of the steps are enlisted [137] .
Depolymerisation of the biomass
Depolymerisation of biomass is a sequential dissolving of macromolecules through utilization of their physical and chemical properties. The intrinsic hemicellulose and cellulose biopolymers contributes positively towards the thermal stability of the biofuel [138] . Depolymerisation process overcomes the difficulties and obstinate properties of lignocellulose biomass that mimics the natural geological processes of producing fossil fuels. The decisive parameters temperature and pressure changes the structure of the long chain polymers consisting of hydrogen, oxygen, and carbon to shorter chain hydrocarbons [139] . Further, the energy contents of the organic materials are recycled in the presence of water.
Decomposition of the biomass monomers by cleavage, dehydration, decarboxylation and deamination
This step involves the loss of water molecule (dehydration), loss of CO 2 molecule (decarboxylation) and removal of amino acid content (deamination) [140] . The dehydration and decarboxylation facilitate the removal of oxygen from the biomass in the form of H 2 O and CO 2 respectively. Biomass comprising macromolecules are hydrolysed to form polar oligomers and monomers [141] . Water at high temperatures and pressure breaks down the hydrogen bonded structure of cellulose and causes the formation of glucose monomers. Because fructose is more reactive than glucose, it rapidly degrades in plethora of products by the different types of reactions, including isomerization, hydrolysis, dehydration, reverse-aldol defragmentation, rearrangement and recombination reactions [142] . The majority of the degradation products such as polar organic molecules, furfurals, glycoaldehydes, phenols and organic acids are highly soluble in water.
Recombination and repolymerization of reactive fragments
This is the third step in which the reverse to the initial processing steps are happening due to the unavailability of the hydrogen compound [19] . If hydrogen is freely available in the organic matrix for the liquefaction process the free radicals will be capped yielding the stable molecular weight species. At conditions the unavailability of the hydrogen or the concentration of the free radicals are excessively large, the fragments are recombined or repolymerized to form high molecular weight char compounds otherwise noted as coke formation [143] .
Hydrothermal liquefaction process
Hydrothermal liquefaction is a biomass to bio-liquid conversion route carried out in water at moderate temperature of 280-370°C and high pressures (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) MPa) that has a liquid bio crude as main product along with the gaseous, aqueous and solid phase byproducts [144] . The product stream of this process have high energy content and unique feature of enhanced heat recovery in comparison to other processes [145] . Many complex reactions take place during the transformation of biomass into crude oil like products [146] . In this regard, the process mechanism is classified for two types of feedstock namely lignocellulose biomass (dry feedstock) and algal biomass (wet feedstock). The sub classification or the major fractions of the dry/ lignocellulose biomass is hemicellulose, cellulose and lignin [147] . On the other hand, the wet feed stock composition comprises of lipids, proteins, carbohydrates and algaenans. The description of HTL of the dry and wet feedstock of biomass are presented herein.
HTL of lignocellulose biomass
The reactor design in the hydrothermal processing can be either batch or continuous. Continuous reactors require feeding system that operate under pressure and include either slurry based pump or lock and hopper systems for large particles. The detailed pathway of the biomass to bio-crude through hydrothermal liquefaction of lignocellulose biomass was shown in Fig. 2 adopted from Biller and Ross [148] . The feedstock requires pre-treatment especially the woody biomass for the reasons of reducing the particle size, removing the contaminants, and alkaline treatment to obtain a stable slurry for easy pumping. The feedstock is then processed via HTL at temperature of around 350°C A.R.K. Gollakota et al.
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and a pressure of 150 bar for 15 min approximately. Phase separation occurs spontaneously at these operating conditions resulting the gaseous stream of CO 2 , solid residue, bio-crude and small traces of aqueous phase [149] . The aqueous phase/water can be recirculated to HTL unit which reduces the water requirement and enhance the bio oil yield. The other stream of the water that is generated through HTL process can be treated anaerobically or via catalytic hydrothermal gasification technique to produce methane rich or hydrogen rich syngas. Anaerobic digestion of the water from the HTL process can't be treated to full extent due to the presence of phenols and furfurals that delimits the anaerobic digestion process. During the phase separation process the obtained solid phase material can be directly used as a bio char/fertilizer. The produced bio-crude may not be directly used as an alternate which requires further hydrotreatment for commercial utilization. However, complicated reaction mechanism is not required for the upgrading procedure as the bio-crude obtained through HTL is less in moisture, oxygen content and hence the fine hydrotreatment will enhance the quality of bio-crude. Finally, the amount of the heat generated through the entire process can be efficiently utilized to operate the hydrothermal gasifier that refines the process economy.
HTL of wet/algal biomass
The major benefit of processing algae/wet biomass is the potential for recycling of nutrients back to cultivation. The procedure of treating wet biomass is similar to that of treating lignocellulose with a few modifications. The schematic of the procedure treating the wet/algal feedstock is presented in Fig. 3 adopted from Biller and Ross [148] .
The major difference lies in treating the wet feedstock compared to dry feedstock is ignoring the pre-treatment step.
Generally, pre-treatment is essential as the particle size of the micro algae is quite small compared to lignocellulose that eliminates the complexities of pumping slurries to the reactor. Further, dewatering procedure at harvesting step tends to produce the feedstock slurry with 20% solids. Then the slurry is passed through the HTL reactor yields bio crude that has to be hydro-treated further to produce hydrocarbon fuels. During the HTL process the aqueous phase generated is recirculated back to the algae cultivation procedure, CO 2 that is released can be utilized in the process of photosynthesis in the growth of algae for next batch. During hydrotreatment the nutrients are separated that are sent back to the algae cultivation procedure. This overcomes the shortfalls of the HTL process economy.
Energy efficiency of HTL process
The ultimate target of the hydrothermal liquefaction procedure is to convert the biomass to bio crude that can be utilized as an alternate to the commercial fossil fuels. However, the economy of the process is highly questionable due to the utilization of higher pressure conditions. Fig. 4 describes the utilization of various product streams that can affect the energy efficiency in terms of materials and feedstock. HTL of wet biomass i.e., algal feedstock is a multifaceted processing technique that can generate the nutrients which can be recycled for the growth of algae, waste water can be used for the water requirements and CO 2 for the photosynthesis reaction.
It has the potential to bottleneck the current algal refining procedure including consumption of water, fertilizer and energy input. One of the cutting edge benefits of this HTL process is it consumes 10-15% of the energy in the feedstock biomass yielding energy efficiency of 85-90%. HTL can recover more than 70% of the feedstock carbon content that can be utilized for the carbon capture procedures. The other technical edge of this process is the bio-crude that is obtained from this process doesn't require much treatment/upgrading procedures for the commercial utilization. From Fig. 4 , it is seen that several by-products are obtained through this HTL process like fertilizer in the form of a solid content, bio crude alternate to fossil fuels, the processed water can be treated for the utilization and the nutrient cycle for the Fig. 4 . Schematic of Energy efficient usage HTL process using algal biomass. This figure was drawn from Refs. [150] [151] [152] [153] [154] [155] [156] . Table 3 Comparison of bio-crude by HTL and pyrolysis adopted from Elliot et al. [157] .
Elemental composition
Hydrothermal liquefaction Pyrolysis regeneration of the algal growth. A comparison on the bio-crudes obtained via pyrolysis and hydrothermal liquefaction procedures are shown in Table 3 whereas, the major product compounds obtained by HTL are presented in Table 4 . From Table 3 it can be observed that except the sulphur contents and viscosity, the performance of HTL is superior to pyrolysis.
Conclusion
Because of the ordinant dictations for the fuels, the alarming levels of CO 2 emissions into atmosphere, and depletion of conventional fossil fuels the desideratum for the renewable fuels is evident. In this context, biomass derived fuels seems to be the promising path which is renewable and redundant. Various techniques are available for the biomass processing such as pyrolysis, transesterification, hydrothermal liquefaction, steam reforming, etc. However, bio-oil (or bio-crude) obtained from various process suffers from several demerits such as high oxygen content, rendering its acidic value, instability, miscibility, low heating values, etc. Hence utilization of bio-crude requires the optimal processing technique to efficiently convert the biomass to biocrude i.e., an alternate for future use. Amongst the aforementioned techniques hydrothermal liquefaction of biomass seems to be the promising route for the engenderment of bio-oil equipollent to conventional crude oil. Briefly, this article enlightened the elemental composition of bio-crude obtained by HTL, different types of feedstock adopted for HTL, mechanism of HTL processes, possible process flow diagrams for HTL of both wet and dry biomass; advantages/disadvantages and energy efficiency of the process. Finally, challenges still subsist with this field which could serve as future scope for concerned researchers. A very few of these challenges are listed below:
1. Set up an HTL pilot plant by analyzing the effects of feedstock (wet biomass) conversion efficiency. 2. Analyze the complexities of the critical parameters like temperature, pressure and the residence time for HTL of a given feedstock. 3. Examine possible pathways for optimized conversion via HTL (of both wet and dry biomass feedstock and their mixtures). 4. Explore the relationships between bio-crude oil yield and value added chemical species and study the effects of catalyst on production of individual specific chemical compounds. 5. Investigate the reaction pathways of HTL process of model compounds as well real biomass. 6. Develop theoretical, especially computational fluid dynamics based, models to analyze the complex inherent properties like thermodynamic properties of the bio-crude, viscosity effects etc. so that to optimize the processing parameters. Jena et al. [162] 
